In order to evaluate the reliability and sensitivity of echocardiograms for detecting and quantitating pericardial effusion, 41 patients had echocardiograms on the day prior to cardiac operation. A fluid trap was used to aspirate the pericardium at operation. Thirty-nine of 41 patients had echocardiograms of diagnostic quality. In 25 patients, the echocardiogram was negative for pericardial effusion, with 0-16 ml identified at operation. In 13 patients, the echocardiogram was positive for pericardial effusion, with 15-775 ml aspirated at operation. A transition of patterns of relative posterior epicardial-pericardial movement was noted as the pericardial fluid volume increased. More than 15 ml was always found when a posterior echo-free space persisted throughout the cardiac cycle between a flat pericardium relative to the epicardium. In the presence of such a posterior echo-free space, a large anterior echo-free space made a moderately large pericardial effusion likely. In the absence of this diagnostic posterior echo-free space, an anterior echo-free space had no diagnostic significance, as it was found in 11 patients with less than 16 ml of pericardial effusion. A small posterior echo-free space persisting throughout the cardiac cycle between pericardial and epicardial echoes demonstrating virtually identical movements was found in two patients without any surgical evidence for pericardial effusion, but with evidence of adhesive fibrocalcific pericardial disease. A method of estimating pericardial volume is proposed, which uses the difference between the cubed diameters at the end-diastole of the pericardium and epicardium.
employed comparisons with diagnostic techniques already in use, such as isotopic scanning of the intracardiac blood pool, intravenous carbon dioxide and contrast angiography, as well as comparisons with the amount of pericardial fluid obtained at pericardiocentesis, operation, or autopsy.2, 3, "O Comparisons with older techniques, which may be considerably less sensitive than the echocardiogram, leave the impression that echocardiography gives false-positive results.2' 61, 19 O Both the inability to empty the pericardium by pericardiocentesis and the anatomic differences between dogs and humans make routine pericardiocentesis and dog experiments relatively unreliable standards. 4' 6 In this report we attempt to define the limits of the echocardiogram in the diagnosis of pericardial effusion in humans. The quantity of pericardial fluid removed at the time of open-heart operation was used as the standard of comparison for echocardiograms performed on the day prior to operation in 41 patients. An attempt was also made to estimate quantitatively the volume of pericardial effusion in a second group of patients.
Material and Methods
Forty-one clinically stable patients awaiting open-heart operations were studied. Echocardiograms were performed on the day prior to operation with a Smith-Kline 239 Instruments Ekoline Model 20 Ultrasonoscope, which emits 1000 pulses/sec. The transducer was a 2. 25 MHz, 0.5 inch active diameter model with an acoustic lens providing beam collimation to 5 cm. Returning signals were recorded on a strip chart, using either the Electronics for Medicine DR 8 or Honeywell 1856 Visicorder. M-mode sector scanning was used in all cases. Lead II of the electrocardiogram was recorded simultaneously with the echocardiogram.
The transducer was placed in the third, fourth, or fifth intercostal space at the left sternal border, with the patient's chest elevated approximately 30°from the horizontal, in the supine or left lateral decubitus position. The chosen transducer position permitted recording of the echoes from the mitral valve leaflets while the transducer was perpendicular to the chest wall in the sagittal plane. Infero-lateral angulation of the transducer from this position allowed recording of the echoes from the ventricular structures.
A technically satisfactory study was defined as the simultaneous recording of echoes from the posterior left ventricular pericardium, epicardium, endocardium, mitral chordae tendineae, interventricular septum and anterior heart wall. In order to locate the strong pericardial echo, the damping control was abruptly increased after the optimal gain settings for the ventricular structures had been achieved.", 12 Continuous recording of this area over several cardiac cycles at maximal damping enabled the clear observation of isolated pericardial movement. Slightly less damping often brought out the epicardium and occasionally a small separation between the posterior epicardium and pericardium. As the damping was further reduced, this small separation was often obscured. Minimal damping allowed identification of all ventricular structures and verified the patterns of pericardial, epicardial and endocardial echoes of a satisfactory study ( fig. 1 ). The damping control on the Smith-Kline Ekoline 20 adjusts a variable resistor within the transducer activation circuit. An increase in the damping control decreases the power to the transducer which effectively uniformly reduces the secondary reverberations around a dominant signal. The effect of this increased damping is to decrease the width of all returning signals and to eliminate weaker signals. Each echocardiogram was independently evaluated by three of the authors, using the criteria outlined below, before the operative findings wZere known and without patient identification on the record.
The preoperative records were assigned to five arbitrarily defined patterns of posterior epicardial and pericardial movements ( fig. 2 ). If more than one pattern was noted on anv recording, the predominant pattern was tabulated.
Pattern A ( fig. 2A) Patterns of posterior epicardial and pericardial movement in the presence and absence of pericardial effusions. Patterns A, B, and C, were found in patients with <16 ml of pericardial fluid. C2 represents a small effusion by this criterion, especially in the presence of a large heart. D is the classic pattern for pericardial effusion. E represents a thickened pericardium. 2D ) showed an echofree space that persisted throughout the cardiac cycle, between the posterior epicardium and a poorly moving or "flat" pericardium in relation to the epicardial movement. This classical pattern was considered unequivocally positive for effusion. Pattern E ( fig. 2E ) was a sustained small separation between the posterior epicardium and pericardium, with both echoes showing virtually equal motion. A large separation of the anterior heart wall from the chest wall in the presence of the continuous posterior separation, pattern D, corroborated the positivity of the diagnosis. However, the presence of an anterior echo-free space with or without a posterior echo-free space was separately tabulated.
Median sternotomy was performed with special care toward maintaining the integrity of the pericardium. The pericardium was then tented with clamps and incised. Suction tubing connected to a fluid trap allowed quantitative aspiration of all pericardial fluid. The pericardium could be totally emptied of liquid contents without contamination by other fluids by this technique.
The difference between the cubed diameters of the pericardium and epicardium at end-diastole gave a quantitative estimate of the volume of pericardial fluid. Using conventional methods for measuring ventricular dimensions, the epicardial diameter at end-diastole was measured from a point 0.5 cm from the last nonmoving anterior chest wall echo, or from the anterior epicardial echo if this were a clearly distinct signal, to the posterior epicardium ( fig. 1 ).13 This diameter was the sum of the conventional end-diastolic dimensions for the right ventricle, interventricular septum, left ventricular internal dimension and the left ventricular posterior wall thickness.'3`The diameter of the pericardial chamber was measured from a point 0.5 cm from the last nonmoving anterior chest wall echo, if the anterior epicardial echo were not clearly distinct from the nonmoving echoes representing the chest wall, or from the last nonmoving chest wall echo if the anterior epicardial echoes were clearly distinct at end-diastole ( fig. 1 ). From this anterior point, a line was carried directly perpendicular to the corresponding portion of the posterior pericardial echo.
These diameters were measured on five separate cardiac cycles for each record which displayed pattern D. The means of these measurements were then cubed to approximate the volumes of the respective chambers.'14 15 Subtracting the volume of the heart from the total pericardial volume gave an estimate of the pericardial volume. In 12 cases with pattern D, the calculated volumes vere compared with the values measured at operation. 
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Since only two patients in the operative group had large effusions, another group of patients with large volume effusions were examined, in order to further evaluate this method of quantitation. Definite pattern D echocardiograms performed within 24 hours of quantitative pericardiocentesis in 13 additional patients were reviewed. In each of these patients, an attempt was made to completely evacuate the pericardial volume through intrapericardial placement of a plastic catheter. This aspirated volume was correlated with the echocardiographically calculated volume.
Results
In 39 of the 41 operative cases, the echocardiograms were found to be technically adequate for diagnostic analysis. The echocardiographic patterns are shown relative to the fluid measured at surgery in figure 3. Of the 25 patients whose echocardiograms showed patterns A, B, C, or E (figs. relatively flat pericardium showed some apical areas of the ventricle with a continuous separation, or pattern D. A small posterior echo-free space present only during systole between the epicardium and a moving pericardium, pattern B, was an unreliable sign of fluid. This was found in 10 of 25 cases with less than 16 ml of effusion ( fig. 2B ). A small continuous echofree space between parallel moving epicardial and pericardial echoes, pattern E, was found in two patients ( fig. 4 ). Both patients had operative findings of fibrotic thickened visceral and parietal pericardia without fluid.
An anterior echo-free space without a pattern D posterior echo-free space was found in 11 cases with zero to 16 ml of pericardial effusion at operation ( fig.  5B ). An anterior echo-free space was absent in 20 cases, although seven of these patients had greater Echocardiographic patterns negative for pericardial fluid. Leftt: Echocardiogram from a patient with a single band of echoes representing the combined pericardium-epicardium, pattern A. Less than 16 ml of effusion was found at surgery in these cases. Right: Echocardiogram demonstrating parallel movement of the posterior epicardium and pericardium with a small space between them, pattern E. Fibro-adhesive pericardial disease found at surgery. than 16 ml of fluid aspirated. Three studies were technically inadequate for evaluation of an anterior separation. Of the five patients with both anterior separations and pattern D posterior separations, two patients had large anterior separations and operative findings of 400 and 775 ml of effusion.
In 12 cases with pattern D, the correlation between the calculated and actual measured volumes at opera- Transitional echocardiograms. Left: Echocardiogram demonstrating a posterior echo-free space present only during systole, pattern B. An anterior echo-free space was also present. Less than 16 ml of effusion was found at surgery. In the absence of the diagnostic posterior echo-free space, the anterior echo-free space had no diagnostic significance Right: A posterior echo-free space extending into, but not throughout, diastole and a moving pericardium, pattern C. Less than 16 ml of effusion was found at surgery. ticulalti0J1,otum .5 lAgotS 1971-EG 1.5.
-__ C2 Figure 6 A posterior echo-free space (arrow) extending into, but not throughout, diastole in the presence of aflat pericardium relative to the epicardium, pattern C2. This pattern was associated with small effusions, 15 to 100 ml. tion was good (r = 0.98) ( fig. SA) . This good correlation coefficient was the result primarily of the two cases with more than 100 ml of fluid. The standard error of the estimate was 43.7 ml for the total group of 12 patients. Evaluation of only the ten cases with less than 100 ml of fluid showed a correlation coefficient of only 0.41 between the operatively measured and the echocardiographically calculated volume. The standard error was ± 30.6 ml in this group. This would indicate that small increments in pericardial volume are not well quantitated by this method, although gross quantitation (roughly 50 ml increments) may be valid.
Among the 13 patients in the pericardiocentesis group, ten had greater than 200 ml of pericardial effusion aspirated. The correlation between calculated and measured fluid in this group was good (r = 0.86, fig. 8B ).
Discussion
Definition of the lower limit of sensitivity of the echocardiographic indication of pericardial fluid is important for early recognition of small but potentially clinically significant effusions. Cytologic or bacteriologic evaluation of a small pericardial effusion may be diagnostic of underlying pericardial disease.'8 20 Furthermore, a small effusion that develops rapidly within a thickened or stiff pericardium can cause acute cardiac tamponade, which may be reversed by removal of a small amount of fluid if the condition is recognized.'8 Circulation volunwe ,5) Au1g2ust 1974
The present study suggests the lower limit of sensitivity of a technically optimal, properly interpreted echocardiogram at approximately 15 ml of pericardial effusion ( fig. 3 ). While the M-mode sector scan of the ventricle was recorded on a strip chart, the damping control was used to produce optimal records. Maximal damping generally permitted the observation and recording of isolated pericardial movement. Less damping brought out the epicardium, any posterior echo-free space, and the relative movements of the epicardium and the pericardium. Further reduction of the damping control brought out the ventricular structures, confirming the epicardial and pericardial origin of these posterior echoes. The classic pattern of an echo-free space persisting throughout the cardiac cycle between the posterior epicardium and a poorly moving or flat pericardium relative to the epicardium, pattern D, was always associated with greater than 15 ml of pericardial fluid in our group (figs. 3 and 7). Since a larger series may show an overlap of negative and positive patterns in the range of 15 to 20 ml, for clinical purposes it should be possible to set the lower limit of sensitivity of the echocardiogram at 20 ml.
The parietal pericardium probably cannot move as much as the visceral pericardium during cardiac ejection, since the parietal pericardium is anchored to the mediastinum posteriorly. This difference in movement would maximize the potential posterior space between these membranes during systole. The echocardiographic pattern of a posterior systolic space between the pericardium and epicardium, pattern B, may indicate posterior displacement of very small amounts of pericardial fluid during anterior movement of the heart. Ten of 19 patients with 3-16 ml of fluid had the pattern B posterior systolic space. Of the six patients without fluid, none had pattern B. It is possible that technical factors such as differences in gain settings, in transducer angulation and in sensitivity of resolution of the strip chart recorders could prevent pattern B from being recognized. Feigenbaum believed that a posterior echo-free space confined to systole, pattern B, signified a small effusion " probably under 200 to 300 ml. "' On the basis of our experience, pattern B was associated with 16 ml or less of effusion, which may be a normal volume of pericardial fluid.`2 The clinical significance of pattern B, therefore, is that it is a normal variant. In general, as the pericardial fluid volume increased, movement of the parietal pericardium decreased in relation to the epicardium. Progressive decrease of the parietal pericardial movement was accompanied by extension of the posterior echo-free space well into diastole, pattern C (figs. 5 and 6). In the presence of a larger effusion, this posterior echo-free space became continuous throughout diastole and systole, while the 1 L-e i~~~~~~~--=igue ....11..11.
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Chronic fibrotic pericardial disease could prevent significant systolic redistribution of pericardial fluid. Adhesions between the visceral and parietal pericardia insure equal movement of these two membranes. Pattern E was present in two patients found to have pericardial disease without fluid ( fig. 4) . Presumably, the thickened visceral and parietal pericardia served as distinct acoustical interfaces that produced bands of parallel moving echoes, pattern E. Since no fluid was found, the small constant separation between these two interfaces possibly was the result of acoustically homogeneous fibrous tissue. It is thought that pattern E may be a specific, if not a sensitive, sign of adhesive pericardial disease. Four other patients without any suirgical evidence for pericardial fluid had an echocardiogram with a single band of echoes representing the combinedl epicardium-pericardium, pattern A. This is the pattern in the majority of normal patients. Technical factors, such as different gain settings, may produce variable thickness of this single band of pericardial echoes which may be independent of the actual pericardial thickness.
Varying amounts of pericardial fluid were found in 35 of the 41 patients undergoing surgery. Pericardial disease from previous cardiac operations or inflammatory disease was found in the remaining six patients xvithout fluid. Other authors have found variable amouints of pericardial effusion in the absence of detectable pericardial disease. 21 
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A. Relationship between the surgically measi effusion and the echocardiographically calculatede patients with the larger effusions are primarily re unutsuially good correlation coefficient. B. Relationm nmeasnsred volume of pericardial effusion removed pericardiocentesis and the echocardiographic voliume.
Circulation, Voluic111' .5'), iuiguist 1.974 in the pericarheart, then the volume of pericardial fluid could be man cadavers calculated by subtracting the volume enclosed by the demonstrated epicardium from the volume enclosed by the parietal :ients with corpericardium. The volumes enclosed by the epicare clinically or dium and pericardium can be approximated by cub-,and in whom ing their respective echographic diameters. For the 13 sease was seen patients in the pericardiocentesis group and the two ?nts represent patients in the operative group with large effusion, the of pericardial correlation between calculated and aspirated volume was good ( fig. 8A and B ). Decreased quantitative acericardial effucuracy of the echocardiographic calculation of larger ss spheres survolumes which used pericardiocentesis as a standard, me of pericarmay be related to the underdetection of fluid in the d around the lateral pericardial recesses, incomplete evacuation of the pericardial fluid due to loculation, undiagnosed epicardial perforation and aspiration of ventricular blood, unrecognized pleural fluid aspiration, and magnification of small errors of measurement by cubing large dimensions. Factors determining the uniformity of distribution of pericardial fluid around the heart would influence the validity of this calculation. Such factors include the heart size, the phase of the cardiac cycle examined, the presence of fluid filled pericardial recesses, cardiac tamponade and pericardial adhesions.4 [21] [22] [23] [24] Since the heart is smallest and most anteriorly located at end-systole, a freely mobile pericardial effusion should be maximally concentrated 200 1350 15~0 posteriorly at end-systole.25 26 During end-diastole, the heart is maximally enlarged. Consequently, the pericardial effusion should be most uniformly distributed around the heart at end-diastole. Determination of the pericardial and epicardial diameters at enddiastole, when there is presumably most uniform distribution of pericardial fluid, should therefore yield the most accurate calculation of pericardial fluid volume. "Although the epicardium and pericardium normally are separated only by a capillary cleft, there are a few actual or potential complementary spaces, the pericardial recesses."21 On the basis of experiments with human cadavers, Elias and Boyd found that 150 to 220 ml of pericardial effusion were needed to fill the pericardial recesses, and that up to 650 ml could be accommodated by stretching of these recesses. 21 24 Further increases in volume of pericardial effusion -731 825 919 generally required increased capacity and compliance of the pericardium due to disease.2' Since 10 of our 12 measurements of pattern D echocardiograms were ured pericardial related to small effusions of 100 ml or less, there could ?ffusion. The two be minimal filling of the pericardial recesses in these sponsible for the cases and more uniform distribution of fluid. The ship between the shipbyetransthoi range of error of the volume calculations for these bally calculated cases was consequently smaller. On the other hand, in the presence of large pericardial effusions and bulging fluid-filled lateral recesses, pericardial fluid distribution around the heart may not be uniform. The conventional transducer position may not encounter the full extent of these bulging lateral recesses. Consequently, calculations based on the conventional ventricular dimensions may considerably underestimate the actual pericardial volume. In a spheroid, volume is related to the cube of the diameter. Therefore, although the difference between the pericardial and epicardial diameters may be the same for two separate hearts, the pericardial volume surrounding the larger heart would be considerably greater than the pericardial volume surrounding the heart with the smaller diameter. By the same reasoning, a small pericardial effusion uniformly distributed around a large heart would show a very small or even unmeasurable echo-free space at end-diastole. This may be the reason why earlier workers could not closely correlate the thickness of the posterior echofree space with the amount of pericardial effusion. 3 4' 9 Although the volume of a sphere is described by the formula 4/37r(D/2)3, large pericardial effusions could be more accurately approximated by merely cubing the chamber diameters. For these large effusions, the pericardial shape may be markedly different from a sphere, and the use of the formula of the sphere to calculate total pericardial volume may introduce a further source of error. Using the measurements of epicardial and pericardial diameters, chamber volumes were calculated using both the formula of the sphere, 4/3ir(D/2)3 and D3. The correlation coefficients between the calculated and measured volumes were essentially the same for the two methods of calculation. However, the regression coefficient was 0.85 when D3 was used, while it was 1.7 when the formula of a sphere was used (see fig. 8B ).
The clinical decision regarding evacuation of a pericardial effusion will be aided by an accurate knowledge of the presence of a very small effusion. Serial assessment of the progression of pericardial effusion may be aided by the methods of quantitation used in this study. It appears that the patterns designated A and B in this study are properly considered negative for pericardial effusion. Pattern D showed no false negative results in this study, and it is considered positive for pericardial effusion. Pattern C is transitional between negative and positive. It is believed that in the presence of a very small echo-free space, a flat pericardial echo (C2) is more likely to be associated with more than 16 ml of fluid, and this is used as a criterion of a small effusion in this laboratory. Since a small echo-free space in the presence of a mobile pericardium (C1) may be found with less than 16 ml of fluid, this pattern now is considered negative for effusion in this laboratory.
However, as mentioned above, the size of the heart, as well as the size of the echo-free space, must be taken into consideration. One patient with pattern C2 and a large heart had 90 ml aspirated from the pericardium at surgery. Furthermore, since pericardial fluid may not always be uniformly distributed around the heart, any particular transducer location may show one or another pattern. Only the predominant pattern should be taken as representative of the entire pericardium.
This study demonstrates the apparent lower limit of sensitivity of echocardiographic detection of pericardial fluid. Using a spheroid model of the heart, a method of calculation of fluid volume is proposed to improve quantitation of pericardial effusion. However, we point out that this is not an extremely accurate method, in that quantitation to only within 100 ml (± 50 ml) is to be expected.
